ABSTRACT A basic question about visual perception is whether the retina produces a faithful or a distorted neural representation of the visual image. It is now well known that in some retinal pathways there are significant nonlinear transductions which distort the neural image. The next natural question is, What are the locations of the nonlinear stages within the retinal network? We report here on an investigation of linearity and nonlinearity ofresponses ofhorizontal cells in the turtle retina as an assay of the degree of nonlinearity in the outer plexiform layer of the retina. The visual stimuli were sinusoidal gratings; these patterns were modulated by contrast reversal with a sinusoidal time course. The conclusion from our experiments is that the turtle's horizontal cell responses show evidence only oflinear spatial summation even at moderately high contrasts on moderately high background levels. Our work thus indicates that there is no significant distortion of the visual image by the photoreceptors or by the neural summation of photoreceptor signals by horizontal cells under normal physiological conditions. These results are consistent with the view that the major nonlinearities ofthe retina are proximal to the outer plexiform layer.
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Horizontal cells in several fish retinas have been reported to be nearly linear in their response to diffuse illumination (1) (2) (3) . A model based on the concept that the network of electrically coupled horizontal cells behaves as a single flat cell with passive spread of current injected at the synapses works well for horizontal cells ofcatfish (4, 5) and turtles (6) . When the membrane conductance changes caused by the light stimulus are not too large, this model implies linear spatial summation. Horizontal cells in the cat respond to sinusoidal modulation of the luminance of spots with significant harmonic distortion only when relatively high modulation depths are used at frequencies below 2-3 Hz (7).
We report here that luminosity horizontal cells (which hyperpolarize to all wavelengths of light) in the turtle and their presynaptic receptors act as linear tranducers in response to diffuse illumination and also in response to spatial patterns which test properties of spatial summation.
METHODS
Intracellular recordings were obtained from horizontal cells in isolated eye-cup preparations ofPseudemys scripta elegans (redeared turtle) and Chelydra serpentina (common snapping turtle) which gave similar results. The eye-cups were maintained in a moist oxygenated chamber at 16-20'C. Fine-tipped microelectrodes filled with 4 M potassium acetate (resistance, 100-300 MI) gave satisfactory results. The visual stimulus was a raster type display produced on a cathode ray tube oscilloscope screen (Tektronix 5103N, P31 phosphor, which has its spectral peak at 525 nm) by a special-purpose microcomputer (8) which also signal-averaged the response. A monochromator was used to test the spectral sensitivity of the neurons. The stimuli in these experiments were like those used in the past for studying the receptive field characteristics ofretinal ganglion cells ofseveral vertebrates (8) (9) (10) (11) . The typical stimulus was temporal modulation of the contrast of a sinusoidal grating pattern superimposed on a steady background illumination. In particular, we used sinusoidal contrast reversal. A special case was sinusoidal modulation of the spatially uniform illuminance. The mathematical form of the stimulus is given below, and the range of each variable used in this study is given in parenthesis following each definition:
s(x,t) = Lol[ + sin(2wft)m sin(2wrkx + 6)] [1] in which Lo is the background illuminance (2 lumens/m2), f is the temporal frequency (0.125-32 Hz), m is the contrasts (0.1-0.8), k is the spatial frequency (0-5 cycles/mm), x is the position along one rectangular coordinate axis on the retina, and 6 is the spatial phase (position) of the grating (0-2 ir radians). For the sake of comparing our light stimulus with those used in other studies, we note that a 0.5-sec incremental step of illuminance with contrast 0.3 produced the same response as a 0.5-sec step of 640-nm light with a flux of 6.18 X 1010 quanta sec-1 cm-(or 1.92 x 10-8W cm-2). The background illuminance was well above threshold and produced a steady hyperpolarization in horizontal cells of about 15 mV (25-30% of maximum hyperpolarization). Fourier analysis ofthe signal-averaged responses was performed to determine the component at the input frequency and also the higher-order harmonics caused by nonlinear distortion. It has already been established (8) (9) (10) (11) that, ifa neuron responds to this stimulus at the input frequency with an amplitude that depends sinusoidally on the spatial phase (position) of the grating, it must receive inputs that are linear locally and that are summed linearly.
RESULTS
Under these conditions, luminosity horizontal cells responded almost exclusively at the modulation frequency (Fig. 1) . Sinu- soidal modulation of the full-field illuminance gave a sinusoidal response with very little harmonic distortion (Fig. 1 Left) . When the contrast was 0.3, the amplitude ofthe fundamental response was 8.5 mV (peak to trough), and the amplitude of the second harmonic was less than 5% of the fundamental (Fig. 1 Center).
The amplitude ofthe response to contrast reversal ofa sinusoidal § The term "contrast" is defined implicitly by Eq. 1 and can also be
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 4 Hz. The most obvious departure from linearity was under the simultaneous conditions of high contrast (which undoubtedly produced significant harmonic distortion in the receptors) and very high spatial frequencies (which, as a consequence of spatial summation, produced essentially no response at the modulation frequency). However, under these conditions, the overall response magnitude was relatively small-i.e., 0.5 mV for a spatial frequency of 2 cycles/mm and a contrast of 0.6. We conclude from the data above that, in response to stimuli whose contrast covers a large part of the physiological range, red-sensitive cones behave (to a good approximation) as linear transducers and that a linear transduction takes place at the synapses between these cones and the luminosity horizontal cells. Linear inputs from each local region of the receptive field are simply added together to produce the overall response. This conclusion is based on the fact that luminosity horizontal cells in the turtle retina receive their major input from red-sensitive (630 nm) cones (12) (13) (14) (15) (16) . We verified this fact during our experiments. Because the inputs to luminosity horizontal cells from green- (13, 14, 16) and blue-(13) sensitive cones and rods (15) are relatively small, we cannot yet make a compelling argument for similar behavior of these receptors and their respective synapses.
In general, turtle cones respond nonlinearly when the response magnitude exceeds roughly 10% of the overall dynamic range, for several reasons which have been discussed in detail by Baylor et al. (17) . It has also been shown by Normann and Perlman (18) that signal transmission from red-sensitive cones to horizontal cells is, in general, nonlinear. The relevant finding of this study is that, although the magnitude of the horizontal cell responses elicited by our stimuli were relatively small compared to the maximal response magnitude, the stimuli that elicited nearly linear responses had contrasts covering a large part of the physiological range. Therefore, we may conclude that, although cones respond nonlinearly over the major portion of their dynamic range, most of this range is rarely used in response to stimuli in the natural environment. Furthermore, the synapse between red-sensitive cones and horizontal cells must behave linearly for stimuli consisting ofmoderate perturbations about a mean level of illumination. An (19) (20) (21) . In the course of this study we encountered spiking neurons that responded with predominant second harmonic distortion (frequency doubling) to the same stimuli used to test the linearity of horizontal cells (22) . This nonlinearity cannot be traced back to the level of the luminosity horizontal cells. The findings presented here are consistent with the hypothesis that receptors, horizontal cells, and bipolar cells act as linear spatiotemporal filters and that the major retinal nonlinearities occur more proximally in the retina (23) . This view is supported by recent experiments on neurons in the catfish retina (24) .
A linear model has recently been proposed for the spatiotemporal properties ofcatfish horizontal cells (25) . We conclude that a linear model will be effective for turtle horizontal cells as well, and we expect that the techniques of linear systems analysis (26) will be applicable to the task of modeling the outer plexiform layer in general.
